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HIGHLIGHTS 


►  Pre-synthesized  FeP04-2H20  nanocrystallites  are  used  to  synthesize  LiFei  _xMnxP04. 

►  Well-ordered  LiFei  _xMnxP04  (x  =  0.85,  0.75,  0.65)  nanostructures  form. 

►  LiFei  xMnxP04/C  composites  have  enhanced  electrochemical  properties. 

►  LiFe0.25Mn0.75PO4  sample  exhibits  the  best  electrochemical  performances. 
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The  high  discharge  potential  of  LiMnP04, 4.1  V  vs.  Li/Li+,  and  its  theoretical  capacity  of  170  mAh  g-1  make 
it  a  promising  candidate  as  a  cathode  material  in  lithium-ion  batteries.  But  extremely  low  electronics 
conductivity,  slow  lithium  diffusion  kinetics,  and  the  Jahn-Teller  effect  of  Mn3+  limit  the  electrochemical 
performances  of  LiMnP04.  In  this  work,  the  pre-synthesized  and  defined  FeP04-2H20  nanocrystallites 
are  used  as  one  of  the  raw  materials  to  synthesize  LiFei _xMnxP04/C  (x  =  0.85,  0.75,  0.65)  composites  via 
solid-state  reactions.  The  synthesized  LiFei  _xMnxP04  samples  show  well-crystallized  structures  and  have 
enhanced  electrochemical  properties.  There  exist  two  plateaus  around  3.5  and  4.1  V  on  both  of  their 
charge  and  discharge  curves.  Among  the  samples,  the  Feo.25Mno.7sP04  one  exhibits  the  longest  high- 
voltage  charge/discharge  plateau  at  4.10  V/4.05  V,  and  has  an  average  discharge  voltage  of  ~3.78  V  vs. 
Li/Li+  and  a  discharge  capacity  of  ~  130  mAh  g-1  at  0.05  C  rate.  For  the  Feo.25Mno.75P04  sample,  the 
noticeable  improvement  of  its  electrochemical  performances  is  mainly  attributed  to  iron  substitution,  the 
appropriate  Mn/Fe  ratio,  and  the  well-ordered  crystal  structure  forming  by  using  FeP04-2H20  nano¬ 
crystallites  as  one  of  the  raw  materials. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Olivine  structural  lithium  transition-metal  phosphates  LiMP04 
(M  =  Fe,  Mn,  Co,  and  Ni)  were  found  to  be  ones  of  the  most 
promising  candidates  as  the  cathode  materials  for  large-scale 
lithium-ion  batteries  due  to  their  large  theoretical  capacities  and 
excellent  thermal  stability  [1-4].  Among  them,  LiFeP04  has  the 
inherent  characteristics  of  low-cost  and  environmental  friendli¬ 
ness,  so  it  has  been  extensively  studied  and  its  electrochemical 
properties  have  been  greatly  improved  by  cation  substitution/ 
doping  and  surface  modification  with  conductive  materials  coating 
to  enhance  its  low  conductivity  [5-11]. 
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LiMnP04  is  of  particular  interest  to  battery  industry  because  of 
its  higher  theoretical  energy  density  than  LiFePCU.  It  has  higher 
discharge  potential  (4.1  V  vs.  Li/Li+)  than  LiFePCU  (3.4  V  vs.  Li/Li+), 
and  its  theoretical  capacity  of  170  mAh  g_1  is  almost  the  same  as 
LiFeP04.  However,  the  even  lower  electronic  conductivity  and  slow 
lithium  diffusion  limit  LiMnPCH  electrochemical  performances 
[2,3].  Another  unavoidable  problem  is  the  electrochemical  stability 
of  LiMnPCH  is  badly  affected  by  the  Jahn-Teller  effect  of  Mn3+. 
During  cycling,  the  shrinkage  of  about  8.9%  occurs  during  LiMnPCH 
delithiated  to  form  MnP04,  but  only  6.8%  during  LiFeP04  delithiated 
to  form  FeP04.  Additionally,  the  cell  volume  of  LiFei  xMnxP04 
increases  with  increasing  Mn2+  content  x,  while  the  volume  is 
almost  constant  in  Fei_xMnxP04  at  different  Mn3+  content  x 
[12-15].  Therefore,  appropriate  iron  substitution  is  beneficial  to 
keeping  stable  volume  of  LiFei  _xMnxP04  during  the  lithium 
extraction/insertion. 
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Inspired  by  the  success  of  LiFePCH,  researchers  have  tried  similar 
methods  to  improve  the  electrochemical  properties  of  LiMnPCH 
[16-21  ].  It  has  been  reported  that  an  improvement  in  kinetics  was 
realized  as  partial  Mn  ions  were  substituted  by  Fe  to  form  LiFei_ 
_xMnxP04,  such  as  LiFeo.2Mno.sPO4  [13,20].  The  Fe  substitution  in 
Mn-sites  probably  has  two  main  benefits:  one  is  enhancing  the 
transport  properties  of  materials;  the  other  is  decreasing  the 
Jahn-Teller  effect  of  Mn3+. 

Some  researchers  synthesized  monoclinic  phase  FeP04-2H20 
nanoparticles  at  first,  and  then  lithiated  them  to  form  LiFeP04/C 
composites,  which  show  improved  high-rate  charge/discharge 
capability  and  long-term  cyclability  [21,22].  Wang  et  al.  synthesized 
LiFeP04/C  composite  using  a  core-shell  structural  precursor  FePC^/ 
polyaniline,  and  suggested  that  the  LiFePCU/C  nanoparticles  form 
by  an  in  situ  polymerization  restriction  mechanism  [23].  Addi¬ 
tionally,  LiMnP04  has  ever  been  synthesized  from  a  MnPCX^F^O 
precursor.  It  was  reported  that  the  MnP04  •  2FI2O  nanoparticles 
facilely  react  with  lithium  source  and  form  LiMnP04  via  solid-state 
reactions  at  550  °C  [24,25],  and  the  synthesized  LiMnPC^  shows 
improved  electrochemical  properties. 

In  this  work,  iron  substitution  is  utilized  to  improve  the  elec¬ 
trochemical  properties  of  LiMnPCH.  To  synthesize  a  well-ordered 
LiFei_xMnxP04  crystal  structure,  the  FeP04-2H20  nanocrystallites 
are  pre-synthesized  and  defined,  and  then  are  used  as  one  of  the  raw 
materials  to  form  a  precursor  by  ball  milling  with  Li-,  Mn-,  PO4-, 
and  carbon-containing  chemicals.  The  precursors  finally  form 
LiFei_xMnxP04/C  (x  =  0.85,  0.75,  0.65)  composites  via  solid-state 
reactions  at  550  °C.  The  synthesized  LiFei_xMnxP04  nanoparticles 
exhibit  well-ordered  crystal  structures,  and  show  obvious  enhanced 
electrochemical  properties. 

2.  Experimental 

FeP04-2H20  were  pre-synthesized  by  a  spontaneous  precipita¬ 
tion  method.  Equimolar  aqueous  solution  of  H3PO4  and  FeCl2  with 
a  concentration  of  0.1  M  was  added  into  a  continuous  stirred  beaker 
in  water  bath  at  60  °C.  After  10  min,  excess  H202  solution  (30  wt.%), 
the  molar  ratio  of  F^C^/FeCh  =  1.1/2,  was  fed  into  the  beaker.  The 
pH  value  of  the  mixed  solution  was  controlled  between  4.0  and  5.0 
by  adding  ammonia.  At  the  initial  stage  of  the  reaction,  there 
appeared  precipitate  in  the  beaker.  After  stirring  15  min,  the 
precipitate  was  filtered  and  washed  with  de-ionized  water  until  its 
pH  value  became  neutral.  The  obtained  precipitate  was  dried  at 
120  °C  for  12  h. 

LiFei_xMnxP04/C  (x  =  0.85,  0.75,  0.65)  composites  were 
synthesized  by  solid-state  reactions  after  a  two-stage  ball  milling 
process.  Stoichiometric  amounts  of  the  above  synthesized 
FeP04-2H20,  Li2C03,  Mn(CH3C00)2-4H20,  NH4H2P04,  and 

sucrose  (25  wt.%  of  LiFei^xMnxP04)  were  dissolved  in  de-ionized 
water.  This  solution  was  wet  ball-milled  for  10  h  at  room 
temperature  and  dried  in  a  vacuum  oven  at  80  °C  for  12  h.  The 
dried  precursor  was  heated  at  300  °C  for  5  h  under  argon 
atmosphere  for  its  main  decomposition.  Then  the  decomposed 
precursor  was  ball-milled  for  10  h  at  room  temperature.  Finally 
the  precursor  was  calcined  at  550  °C  for  10  h  in  an  Ar  atmosphere 
until  the  expected  LiFei_xMnxP04/C  composites  formed.  As 
a  contrast,  LiMnPCU/C  (i.e.,  x  =  1.0)  composite  was  also  synthe¬ 
sized  using  the  same  synthesis  condition  only  without 
FeP04-2H20  in  the  precursor. 

To  study  the  thermal  stability  of  the  precursor  and  optimize  the 
synthesis  condition,  thermogravimetric  and  differential  scanning 
calorimetry  (TG-DSC)  analyses  were  performed  using  a  simulta¬ 
neous  thermal  analyzer  (STA  409  PC/PG,  NETZSCH).  About  10  mg 
sample  was  heated  from  room  temperature  to  appropriate 
temperatures  in  N2  at  a  heating  rate  of  10  °C  min-1. 


The  crystalline  structures  of  the  samples  were  analyzed  by 
a  powder  X-ray  diffractometer  (XRD,  D/max  2500  V/PC,  Rigaku) 
using  Cu  Ka  radiation.  Lattice  parameters  were  calculated  from  the 
refined  XRD  patterns.  The  crystallite  size  was  obtained  from  XRD 
results  and  calculated  by  Scherrer  formula,  d  =  k-A/(/3-c os0),  where 
d  (nm)  is  the  mean  crystallite  size,  k  (=  0.89)  is  the  shape  factor  of 
particles,  A  (=  0.154056  nm)  is  the  X-ray  wavelength,  (radian)  is 
the  half- width  of  the  main  diffraction  peak,  and  6  (radian)  is  the 
Bragg  angle  of  main  diffraction  peak.  Morphology  and  micro¬ 
structure  of  the  samples  were  investigated  using  a  scanning  elec¬ 
tron  microscope  (SEM,  XL30,  Philips)  and  a  field-emission  high- 
resolution  transmission  electron  microscope  (HRTEM,  Tecnai  G2 
F20,  FEI)  with  an  energy-dispersive  X-ray  spectroscopy  (EDX).  An 
infrared  carbon  and  sulfur  analyzer  (CS-901B,  Haotianhui)  was  used 
to  analyze  the  carbon  content  of  the  samples. 

The  electrochemical  measurements  were  performed  using  2032 
coin-type  cells  with  lithium  metal  as  the  anode.  For  cathode 
fabrication,  at  first  a  mixture  was  made  by  well  mixing  the 
synthesized  LiFei^xMnxP04/C  composite,  conductive  carbon  black 
(Super  P),  and  N-methyl-2-pyrrolidinone  (NMP)  in  a  weight  ratio  of 
80/10/10.  Then  the  mixture  was  spread  onto  aluminum  foil  and 
formed  a  uniform  thin  layer  with  a  thickness  of  150  pm.  It  was  dried 
at  80  °C  in  a  vacuum  oven  for  12  h  to  remove  NMP.  The  coated 
aluminum  foil  was  dried  at  120  °C  overnight  under  vacuum  and 
punched  into  13  mm  diameter  disks,  which  served  as  the  cathode. 
1  M  LiPF6  in  ethylene  carbonate  and  dimethyl  carbonate  (50/50  in 
volume)  was  used  as  the  electrolyte.  All  cells  were  assembled  in  an 
Ar-filled  glove  box.  The  coin  cells  were  placed  on  a  battery  testing 
system  (CT2001A,  LAND)  with  current  density  at  0.05  C 
(1  C  =  170  mA  g-1)  in  a  voltage  window  between  2.5  and  4.5  V  vs. 
Li/Li+  at  room  temperature. 


3.  Results  and  discussion 

At  first,  FeP04  •  2H2O  nanocrystallites  were  synthesized  accord¬ 
ing  to  the  reaction 

2FeCl2  +  2NH4H2PO4  +H202  =  2FeP04-2H20  +  2NH4C1  +  2HC1 

The  precipitation  was  washed,  dried,  and  used  as  one  of  the  raw 
materials  to  synthesize  LiFei_xMnxP04/C  composites. 

Fig.  1  shows  the  XRD  pattern  of  the  dried  precipitation.  The 
pattern  matches  well  with  the  monoclinic  iron  phosphate  hydrate, 


Fig.  1.  XRD  pattern  of  the  synthesized  FeP04-2H20  sample. 


346 


L  Chen  et  al.  /  Journal  of  Power  Sources  214  (2012)  344-350 


i.e.,  FeP04-2H20  (JCPDS  76-0451).  The  sample’s  lattice  parameters 
are  listed  in  Table  1.  Its  cell  volume  is  larger  than  the  values  of  later 
synthesized  LiFei_xMnxP04  samples.  Its  mean  crystalline  size  is 
about  54  nm.  The  FeP04-2H20  nanocrystallites  should  shrink  as 
losing  their  crystallization  water  during  heat  treatment. 

Fig.  2  exhibits  the  TG-DSC  curves  of  the  dried  FeP04-2Fl20 
sample.  There  occurred  a  rapid  weight  loss  ( ~  19.4  wt.%)  mostly 
between  150  and  190  °C.  The  lost  weight  is  close  to  the  percentage 
(19.3  wt.%)  of  crystallization  water  in  FeP04-2H20.  The  sample’s 
weight  hardly  changed  after  200  °C.  The  DSC  curve  shows  that 
there  is  only  an  endothermic  peak  at  188  °C.  It  indicates  that  the 
FeP04-2H20  sample  lost  all  its  crystallization  water  in  one  step. 
These  results  coincide  with  previous  literature  [22]. 

Fig.  3  is  the  SEM  image  of  the  as-synthesized  FeP04-2Fl20 
sample.  The  sample  consists  of  many  nano-sized  granules,  whose 
size  matches  with  the  XRD  result,  i.e.,  —  54  nm.  It  implies  that  the 
FeP04-2H20  granules  are  well-crystallized.  Experimentally,  the 
FeP04-2H20  nanocrystallites  were  ball-milled  with  Li-,  Mn-,  PO4-, 
and  carbon-containing  materials,  i.e.,  LbCOs,  Mn(CFl3C00)2-4H20, 
NH4H2PO4,  and  sucrose,  to  form  a  precursor.  During  heat  treatment, 
the  precursor  lost  its  crystallization  water,  decomposed,  and  finally 
formed  LiFei_xMnxP04/C  (x  =  0.85, 0.75,  0.65)  composites  via  solid- 
state  reactions. 

In  this  study,  sucrose  played  multi-functions  that  should  be 
discussed  later.  According  to  literature  [26,27],  the  thermal 
decomposition  of  pure  sucrose  starts  at  about  186  °C  in  N2  atmo¬ 
sphere,  and  the  most  weight  loss  occurs  between  220  and  400  °C. 
Complete  carbonization  of  sucrose  needs  a  temperature  beyond 
700  °C.  It  was  reported  that  Mn(CH3C00)2  -4H20  loses  all  crystal¬ 
lization  water  under  heat  treatment  at  about  120  °C,  and 
Mn(CFl3COO)2  thermally  decomposes  to  MnO  around  320  °C  [28]. 
Although  in  air  pure  LiC03  has  a  high  decomposition  temperature 
( ~  1310  °C),  Li2C03  can  react  with  NFI4FI2PO4,  and  releases  C02  and 
NH3  between  180  and  400  °C  [27]. 

Fig.  4  shows  the  TG-DSC  curves  of  the  dried  precursor  for 
synthesizing  LiFeo.25Mn0.75P04  after  wet  ball  milling.  The  TG  curve 
exhibits  three  main  stages  of  weight  loss.  From  100  to  170  °C,  the 
precursor  loses  about  8.0%  weight,  which  is  mainly  attributed  to  the 
loss  of  crystallization  water  in  Mn(CH3C00)2-4H20.  From  170  to 
250  °C,  the  precursor  rapidly  loses  about  20.0%  weight,  which  is 
mainly  ascribed  to  the  thermal  decomposition  of  FeP04-2Fl20, 
Mn(CFl3COO)2,  and  sucrose.  There  is  an  obvious  endothermic  DSC 
peak  at  around  189  °C,  which  coincides  with  the  endothermic  peak 
in  Fig.  2.  At  this  stage,  NH4H2PO4  also  starts  to  react  with  LiC03  and 
releases  NH3  and  C02.  A  continuous  weight  loss  (~6.0%)  between 
250  and  500  °C  is  related  to  the  continuous  thermal  decomposition 
of  sucrose,  LiC03,  and  NH4H2PO4. 

There  is  an  exothermic  DSC  peaks  at  520  °C,  but  no  evident 
weight  loss  is  found  on  the  TG  curve  above  500  °C.  It  implies  that 
a  solid-state  reaction  or  phase  transfer  probably  occurred  at  the 
temperature. 

According  to  the  TG-DSC  results,  the  synthesis  condition  was 
chosen  and  optimized  in  the  experiments.  The  precursor  is  heated 
at  300  °C  for  5  h  for  its  main  weight  loss.  Then  the  decomposed 
precursor  is  ball-milled  to  form  small  granules.  To  synthesize  the 


Table  1 

Lattice  parameters  and  mean  crystalline  sizes  (d)  of  the  samples. 


Sample 

a  (A) 

b(  A) 

c  (A) 

Volume  (A3) 

d  (nm) 

FeP04-2H20 

5.3105 

9.7658 

8.7413 

453.29 

54 

LiMnP04 

6.0998 

10.4403 

4.7429 

302.05 

41 

LiFeo.i5Mno.85P04 

6.0850 

10.4398 

4.7465 

301.53 

30 

LiFeo.25Mno.75P04 

6.0846 

10.4289 

4.7358 

300.51 

41 

LiFeo.35Mno.65P04 

6.0741 

10.4160 

4.7305 

299.29 

51 

Temperture  (°C) 


Fig.  2.  TG-DSC  curves  of  the  synthesized  FeP04-2H20  sample. 

finial  LiFei_xMnxP04/C  nanoparticles,  the  precursor  is  heated  at 
a  lower  temperature  (550  °C)  for  10  h. 

Fig.  5  shows  the  XRD  patterns  of  synthesized  LiMnP04/C  and 
LiFei_xMnxP04/C  samples.  The  diffraction  peaks  indicate  that  there 
is  crystalline  phase  formed  in  each  sample.  The  crystal  structure  is 
an  olivine  structure  indexed  to  orthorhombic  Pmnb  similar  to 
LiMnP04  (JCPDS  74-0375)  or  LiFeP04  (JCPDS  83-2092).  Neither 
Li2C03  nor  L^O  is  detected  in  the  XRD  results.  Their  main  diffrac¬ 
tion  peaks  should  be  at  31.80  0  (JCPDS  87-0729)  and  33.58  0  (JCPDS 
77-2144)  respectively.  According  to  the  JCPDS  cards,  the  main 
diffraction  peaks  of  LiMnP04  and  LiFeP04  are  at  35.14  and  35.59  0 
respectively.  The  synthesized  samples’  main  peaks  locate  at  35.19, 
35.17,  35.21,  and  35.27  °,  which  increase  with  their  increasing  Fe 
contents.  The  lattice  parameters  and  mean  crystalline  sizes  are 
listed  in  Table  1.  The  samples  have  near  lattice  parameters,  and  the 
cell  volumes  of  Fe-substituted  samples  are  smaller  than  that  of 
LiMnP04.  The  XRD  results  indicate  that  the  samples  consist  of  well- 
crystallized  LiFei_xMnxP04  nanoparticles. 

Fig.  6  presents  the  SEM  images  of  the  as-synthesized  LiFei_ 
_xMnxP04/C  composites.  The  particles  tightly  or  loosely  aggregate 
each  other  with  an  average  particle  size  of  100-200  nm.  It  is 
noticeable  that  the  samples’  morphologies  closely  relate  with  their 
carbon  contents.  From  Fig.  6(a)  to  (d),  the  samples’  carbon  contents 
decrease  from  9.6  to  6.3  wt.%.  As  can  be  seen  in  Fig.  6,  the  higher 
carbon  content  a  sample  has,  the  more  compacted  particles  the 
sample  shows.  The  LiMnP04/C  sample  has  the  highest  carbon 
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Fig.  3.  SEM  image  of  the  as-synthesized  FeP04-2H20  sample. 
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Fig.  4.  TG-DSC  curves  of  the  dried  precursor  after  FeP04-2H20  being  wet  bail-milled 
with  other  raw  materials  and  dried  in  a  vacuum  oven  at  80  °C  for  12  h. 


content  (9.6%),  so  its  particles  tightly  bond.  The  LiFeo.isMrio.ssPC^/C 
sample  with  a  carbon  content  of  8.4%  has  apparent  space  among  its 
bonded  particles.  However,  the  particles  in  LiFeo.25Mn0.75P04/C  and 
LiFeo.35Mno.65P04/C  samples  loosely  disperse  due  to  their  lower 
carbon  contents,  which  are  7.4  and  6.3%  respectively. 

The  different  carbon  contents  mainly  originate  from  the  different 
quantity  of  Mn(CH3C00)2-4H20.  The  more  Mn(CH3C00)2-4H20  is 
used  in  the  precursor,  the  higher  carbon  content  is  found  in  the 
sample. 

In  this  study,  the  main  function  of  sucrose  is  to  reduce  Fe3+  to 
Fe2+  under  heat  treatment.  Excess  sucrose  and  Mn(CH3COO)2  -4H20 
forms  carbon  coating  on  the  LiFei_xMnxP04  nanoparticles.  It  was 
reported  that  carbon  coating  can  limit  the  crystal  growth  of  LiFeP04 
by  an  in  situ  polymerization  restriction  mechanism  [23].  Carbon  also 
bonds  particles  together  and  enhances  the  transport  properties  of 
materials,  thus  improving  the  electrochemical  performances  of 
cathode  materials.  However,  as  the  precursor  was  heated  at  only 
550  °C,  the  sucrose  probably  was  not  completely  carbonized,  and  the 
formed  CHX  with  a  lower  conductivity.  Additionally,  carbon  also 
decreases  electrodes  tap  density  and  increases  the  battery  volume. 


Fig.  5.  XRD  patterns  for  (a)  LiMnP04/C,  (b)  LiFeo.i5Mn0.85P04/C,  (c)  LiFeo.25Mno.75P04/C, 
and  (d)  LiFe0.35Mn0.65PO4/C  composites. 


Fig.  6.  SEM  images  for  (a)  LiMnP04/C,  (b)  LiFe0.i5Mn0.85PO4/C,  (c)  LiFe0.25Mn0.75PO4/C, 
and  (d)  LiFe0.35Mn0.65PO4/C  composites. 
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Therefore,  the  quantity  of  sucrose  needs  optimizing.  However, 
carbon  contents  in  the  four  samples  are  near  and  change  from  9.6  to 
6.3%.  The  LiFeo.25MrLo.75P04/C  sample  exhibits  the  best  electro¬ 
chemical  properties  and  its  carbon  content  is  7.6%. 

As  listed  in  Table  1,  the  mean  crystalline  sizes  of  LiFei_xMnxP04 
(x  =  0.85,  0.75,  0.65)  decrease  with  increasing  carbon  contents  and 
decreasing  Mn  contents.  But  the  LiMnPCH/C  sample,  with  the 
highest  carbon  content  and  Mn  content,  has  the  biggest  mean 
crystalline  size.  It  suggests  that  the  iron  substitution  promotes  the 
formation  of  smaller  LiFei_xMnxP04  nanocrystallites. 

To  get  a  better  overview  at  a  nanostructural  scale,  HRTEM  and 
EDX  were  used  to  analyze  the  samples.  It  is  observed  that  the 
samples  are  mainly  composed  of  spherical  particles  of  about 
40-100  nm  being  coated  by  amorphous  carbon.  Fig.  7(a)  shows 
a  selected  bigger  particle  of  LiFeo.25Mno.75PC>4  sample.  The  particle 
is  covered  by  a  2-nm  thickness  carbon  layer,  and  almost  has  the 
same  Fe  content  (Fe/Mn  =  19/81)  at  its  center  and  brim.  The  crys¬ 
tallite  exhibits  a  well-defined  orthorhombic  symmetry,  and  its 
atomic  layers  are  clear.  There  are  different  lattice  space  of  0.43, 0.30, 
and  0.25  nm,  corresponding  to  (0  1  1),  (2  0  0),  and  (13  1)  atomic 
layers.  It  indicates  that  the  particle  has  a  well-ordered  and  well  Fe- 
substituted  crystal  structure. 

To  investigate  the  formation  mechanism  of  LiFei_xMnxP04, 
EDX  was  used  to  analyze  the  element  atomic  percents  of 
a  selected  particle  of  LiFeo.35Mno.6sP04  sample.  Fig.  7(b)  shows  the 
Fe  content  at  the  particle’s  brim  is  higher  than  that  at  its  center.  It 
means  that  Fe  is  somehow  rich  at  the  particle’  brim  as  Fe  content 
increasing. 

Fig.  8  exhibits  the  samples’  specific  discharge  capacities  at  0.05  C 
rate.  LiMnPCH/C  has  a  lowest  specific  capacity  at  about  22  mAh  g_1. 
After  iron  substitution,  the  LiFei_xMnxP04/C  samples  exhibit  great 
improved  electrochemical  properties.  LiFeo.isMno.ssPCU/C  has 
a  specific  capacity  of  77  mAh  g_1  after  the  8th  cycle.  Noticeably, 
LiFeo.25Mno.75P04/C  shows  a  stable  specific  capacity  at  about 
130  mAh  g-1  from  the  second  cycle.  Although  the  specific  capacity 
ofLiFe0.35Mno.65P04/C  is  bigger  than  130  mAh  g  1  at  the  first  cycle, 
it  rapidly  falls  to  about  117  mAh  g-1  after  the  8th  cycle. 

More  details  of  the  samples’  performances  can  be  seen  in  Figs.  9 
and  10.  Fig.  9  shows  the  samples’  charge/discharge  curves  at  the  3rd 
cycles  when  the  cells  were  charged/discharged  at  0.05  C  rate  in 
a  voltage  window  between  2.5  and  4.5  V  LiMnP04/C  sample  has 
a  worse  specific  capacity  of  24  mAh  g-1  and  its  average  discharge 
voltage  is  3.67  V.  For  LiFeo.isMno.ssPCU/C,  the  two  values  are 
67  mAh  g-1  and  3.78  V  respectively.  While  LiFeo.25Mno.75P04/C  has 
both  the  biggest  specific  capacity  ( ~  130  mAh  g-1)  and  the  highest 
discharge  voltage  (-3.78  V).  However,  with  Fe  content  increasing, 
the  LiFe0.35Mn0.65PO4/C  sample’s  specific  capacity  and  discharge 
voltage  fall  to  127  mAh  g-1  and  3.64  V  respectively.  An  appropriate 
Fe/Mn  ratio  is  important  to  the  LiFei  xMnxP04  samples’  properties. 

Generally,  during  the  1  st  cycle  there  occurs  irreversible  capacity 
loss,  which  is  partly  caused  by  the  formation  of  solid  electrolyte 
interface  (SEI)  film  [29].  Fig.  10  shows  the  different  behavior  of 
LiMnP04  and  LiFeo.25Mn0.75P04  during  their  first  four  cycles, 
reflecting  such  capacity  loss.  Despite  its  unstable  charge  capacity  at 
the  first  two  cycles,  LiFeo.25Mn0.75P04  exhibits  stable  discharge 
capacities  around  130  mAh  g-1.  Its  discharge  capacity  became 
stable  from  the  3rd  cycle.  As  a  contrast,  the  LiMnPCU  sample  shows 
worse  capacity  and  stability. 

Each  LiFei_xMnxP04  sample  shows  two  charge  plateaus  near 
3.55  and  4.12  V,  and  also  has  two  distinct  discharge  plateaus  near 
4.05  and  3.50  V.  But  the  LiMnP04  sample  only  has  an  indistinct 
discharge  plateau  near  3.95  V,  and  hardly  shows  a  charge  voltage 
plateau.  This  phenomenon  had  been  found  as  soon  as  LiFei_ 
_xMnxP04  was  researched  as  cathode  materials  [1,12-14]. 
Undoubtedly,  these  charge/discharge  voltage  plateaus  are  related 


Fig.  7.  HRTEM  images  for  (a)  a  selected  LiFeo.25Mno.75P04  particle  (the  inset  is  several 
spherical  particles  bonded  by  carbon),  and  (b)  LiFeo.35Mn0.65P04  particles.  The  EDX 
spectra  are  detected  at  the  brim  and  the  center  of  a  selected  particle. 


with  the  redox  couples  Mn3+/Mn2+  and  Fe3+/Fe2+,  whose  potential 
respectively  is  4.1  and  3.5  V  vs.  Li/Li+. 

LiMnPCH  has  higher  discharge  potential  of  4.1  V  vs.  Li/Li+  and 
bigger  theoretical  capacity  of  170  mAh  g~\  but  the  worse  transport 
properties  badly  affect  its  electrochemical  performances.  In  this 
study,  the  synthesized  LiMnPCH  sample  hardly  shows  charge/ 


L.  Chen  et  al.  /  Journal  of  Power  Sources  214  (2012)  344-350 


349 


Fig.  8.  Discharge  specific  capacities  at  0.05  C  rate  for  (a)  LiMnP04/C,  (b)  LiFe0.i5- 
Mn0.85PO4/C,  (c)  LiFeo.25Mn0.75P04/C,  and  (d)  LiFe0.35Mn0.65PO4/C  composites. 

discharge  plateaus,  as  shown  in  Fig.  10(a).  After  iron  substitution,  all 
the  LiFei^xMnxP04/C  composites  exhibit  great  improvement  in 
their  electrochemical  performances.  Theoretically,  the  length  ratio 
of  the  high-voltage  plateau  and  the  low-voltage  plateau  should  be 
equal  to  the  Mn/Fe  ratio  in  LiFei_xMnxP04  material  due  to  their 
almost  same  theoretical  capacities.  Interestingly,  the  LiFeo.25- 
Mn0.75PO4  sample  has  the  longest  high-voltage  charge/discharge 
plateau  at  4.10  V/4.05  V  despite  its  Mn/Fe  ratio  being  less  than  the 
LiFeo.35Mn0.65P04  sample.  As  a  result,  LiFeo.25Mn0.75P04/C  sample 
also  exhibits  the  best  electrochemical  properties. 

The  improvement  of  LiFei_xMnxP04/C  composites’  performance 
possibly  involves  of  several  reasons,  including  Fe  substitution  in 
Mn-sites,  appropriate  Mn/Fe  ratio,  crystallite  size,  crystal  structure, 
and  appropriate  carbon  content.  We  consider  that  the  appropriate 
Mn/Fe  ratio  in  the  LiFeo.25Mno.75P04  sample  plays  a  key  role  for  its 
best  performances.  Another  important  reason  is  the  usage  of  pre¬ 
synthesized  FeP04-2Fl20  nanoparticles  as  one  of  the  raw  mate¬ 
rials  to  synthesize  well-ordered  LiFeo.25Mno.75P04  nanocrystallites. 
The  well-ordered  crystal  structure  might  enhance  the  transport 
properties  of  LiFeo.25Mno.75P04,  thus  improve  its  electrochemical 
properties. 


Fig.  9.  Charge/discharge  curves  of  their  3rd  cycles  at  0.05  C  rate  for  (a)  LiMnP04/C,  (b) 
LiFe0.i5Mn0.85PO4/C,  (c)  LiFe0.25Mn0.75PO4/C,  and  (d)  LiFe0.35Mn0.65PO4/C  composites. 


Fig.  10.  Charge/discharge  curves  of  their  first  four  cycles  at  0.05  C  rate  for  (a)  LiMnP04/ 
C  and  (b)  LiFeo.25Mn0.75P04/C  composites. 


4.  Conclusion 

In  this  work,  to  improve  the  electrochemical  performances  of 
LiMnP04,  pre-synthesized  FeP04  -2Fl20  nanocrystallites  are  used  as 
one  of  the  raw  materials  to  synthesize  LiFei_xMnxP04/C  (x  =  0.85, 
0.75,  0.65)  composites  via  solid-state  reactions.  The  synthesized 
LiFei  xMnxP04  nanocrystallites  show  well-ordered  and  Fe-doped 
crystal  structures.  Their  specific  capabilities  and  average 
discharge  voltages  have  been  noticeably  improved  compare  with 
the  synthesized  LiMnP04  sample.  There  exist  two  plateaus  around 
3.5  and  4.1  V  on  their  charge/discharge  curves.  The  LiFeo.25- 
Mno.75P04/C  sample  exhibits  the  longest  high-voltage  charge/ 
discharge  plateau  at  4.10  V/4.05  V,  which  results  in  its  best  elec¬ 
trochemical  properties.  We  consider  that  such  improvement  of 
LiFei_xMnxP04  samples’  performances  is  mainly  attributed  to  the 
appropriate  iron  substitution,  and  well-ordered  crystal  structure 
forming  by  using  the  well-crystallized  FePC^^F^O  nanoparticles 
as  one  of  the  raw  materials. 
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